NASA's all-electric X-57 airplane will utilize 14 electric motors, of which 12 are exclusively for lift augmentation during takeoff and landing. This report covers the design and development process taken to create an open reference model representative of the high lift augmenting motors. A combined worst case scenario was used as the design point, which represents the simultaneously occurring worst case aspects of thermal, static stress, electromagnetic, and rotor dynamic conditions. This work highlights the tightly coupled nature of aerospace electric motor design. The cooling method uses forced convection cooling on the nacelle skin; no internal air flow is permitted. The stator outer diameter limit of 156.45 mm greatly impacts the degree of coupling between the electromagnetic design with the thermal analysis. The permanent magnet synchronous motor developed here operates between 385 V and 538 V, at a peak current of 50 A. Detailed electromagnetic, thermal, static load, and rotordynamic analysis was completed for this electric motor; all of which are required for a full design. The rotordynamic analysis took into consideration the motor housing which is designed specifically for this motor. The final electric motor has a mass of 2.34 kg resulting in a positive mass margin of 16.8 %, produces 24 Nm of torque with a specific power of 5.64 kW/kg, and has an efficiency of 96.6% at the combined worst case design point.
I. Nomenclature
open-source references. The prime contractor, ESAero, is ultimately responsible for procuring the actual motor and hardware for the final design.
B. Requirements
NASA has developed a list of requirements for the HLM through system and sub-system level studies. These requirements push the motor to a very high power density, and the tradeoff between mass and thermal becomes a highly coupled issue. The following list describes high level requirements which must be met by the HLM [2] .
1) Performance Specifications
• Provide 24 Nm of torque between 2000 and 5450 RPM and 22 Nm of torque at 5460 RPM.
• Have a minimum efficiency of 93% at 460 V DC bus voltage at 10.5 kW and 5460 RPM.
2) Electrical Requirements
• The motor operating voltage shall be between 385 V DC and 538 V DC .
• The motor windings shall sustain a non-operating voltage of 1200 V DC between the motor windings and motor housing without degradation of motor performance or damage to the motor. • The motor shall have 3 phases. • The motor shall be compatible with a maximum peak phase current amplitude of 50 amps at the fundamental frequency. • The motor's minimum phase inductance shall be 75 μH • The motor bonding material (epoxy, etc) shall be rated at 220 • C or higher 3) Physical Requirements • The high-lift motor's diameter, including housing, shall not exceed 6.36 inches (161.5 mm) • The high-lift motor's length (depth) shall not exceed 2.6 inches (66.4 mm) • The high-lift motor shall be less than six pounds.
Requirements for electric motors must be developed in conjunction with specific design points and operational parameters. Two portions of the flight profile have been identified which give rise to the worst cases with regards to thermal, rotor dynamic, structural, and electromagnetic aspects. First is the pre-flight run-up which tests the electric motors while the aircraft is static, at 4,400 RPM for 30 seconds. The run-up proves to be the worst case for thermal design, as the cooling is minimal and the input power is high. The next worst case scenario is the high lift assembly assisted climb at a maximum allowable altitude of 10,000 ft above sea level. This is the worst case for all other aspects; the static load, electromagnetic, and rotordynamic performance. Figure 3 displays a plot of thrust with a linear torque schedule (left) and a plot of power with a linear torque schedule (right) in terms of velocity and altitude. The pink box represent the takeoff and landing envelope, while the black box represents the cruise and simulated climb envelope. The left boundary condition of both envelopes represent the worst case scenario in that particular phase of flight. The HLM is designed using a combined worst case scenario using data from the top left section of the cruise and simulated takeoff envelope, and the run-up condition which is not explicitly listed in 
III. Overall Design Process
The HLM design is a highly coupled problem involving multiple disciplines, each requiring input data developed from separate analysis. Figure 4 shows the high level design and iteration process taken to develop the HLM. The yellow ovals represent the primary design steps, the boxes to the right of each step are outputs, while boxes to the left are values fed back to upstream steps, signifying a required convergence loop coupling. Values with an asterisk next to them represent a re-calculated value from the previous design step. Fig 4 is formatted to represent the layout of the remainder of this report, each step has a reference to the appropriate section in bold lettering.
Fig. 4 A high level diagram depicting the workflow of the design process. The asterisk represents re-calculated values from the original input/output values.
Current density (A/mm 2 ), shown in Equation 1, is used as a primary parameter to size the motor from a thermal aspect by limiting losses generated in the windings of the slot area. As the rotor outer diameter increases, the stator inner diameter must proportionately increase as well, shrinking the slot area. Decreasing the slot area while holding the current and stator outer diameter constant causes the current density to increase, increasing winding losses. Figure 5 depicts the geometric considerations taken into account during the design process.
Where J is the current density, A s is the annulus area where the slots are located, 10 5 is a unit conversion constant, and f is the copper fill factor.
Fig. 5 Geometric parameters taken into consideration in each step of the design process. The light blue
represents the rotor iron, green represents the magnets, red represents the stator iron, and the yellow represents the slot area where the windings are located.
Once the stator and rotor diameters are defined and the current density reaches approximately 11 A/mm 2 , the design progressed to calculating the secondary geometries. The secondary geometries are referred to as the rotor yoke thickness, stator tooth tip, stator tooth, and the stator yoke thickness and are minimized as a function of flux density. After a successful electromagnetic design i.e. torque and efficiency reached required values, component losses were used for a steady state thermal analysis. It is important to make initial boundary conditions for temperature of some key components such as the ambient air, windings, stator, rotor, and magnets up front as these initial temperatures directly affects the performance and losses. After a design was closed electromagnetically and thermally, a nacelle structure was built around it, and then analyzed for static loading and rotordynamic performance.
IV. Electromagnetic Design
This section discusses the iterative design process taken to develop the HLM. This is a highly coupled problem with thermal management, rotordynamics, and static loading which have large impacts during the design process. Determining a proper design point was key in initial sizing for the motor, used here is the combined worst case scenario. After each iteration, re-sizing of the rotor and stator were often required based on the current density being too high causing an unacceptable level of losses, and flux density values not taking full advantage of the stator and rotor materials.
A. Stator and Rotor Design
As magnetic flux is generated, the Lorentz force is developed and is exerted between the coils and magnets. The magnetic flux passes through the air gap, into the stator where the tangential force produces torque. Using electrical steels with high flux density saturation points allows for the reduction of mass by allowing more flux to flow through a smaller area. Grain oriented electrical steel reduces hysteresis losses, while thin electrically isolated sheets, or laminations, reduce eddy current losses. The stator and rotor for the HLM will be constructed from Hiperco-50 using laminations with a 0.006 inch thickness.
One of the biggest benefits of using Hiperco-50 is the maximum flux density saturation point of 2.4 T. Figure 6 depicts the 2-D FEA results for the magnetic flux densities in the stator and rotor at a defined instant in time assuming a maximum peak current of 50 A. The average flux density between the stator teeth and the stator yoke is between 2.3 T and 2.4 T. Although the scale shows flux densities higher than 2.4 T in some areas, this is deemed to be a negligible area of over-saturation. Relevant Hiperco-50 material properties are listed in Table 1 for reference.
The rotor yoke thickness, stator yoke thickness, stator teeth width, and tooth tip thickness are all minimized to reduce weight by achieving a flux density of approximately 2.4 T, see Fig 5 for geometric references. The slot area is simultaneously minimized as a result of increasing the stator inner diameter until the current density of the windings reaches approximately 11 A/mm 2 . Specifying a maximum allowable current density is a proxy to designing to an allowable level of losses in the windings, which reduces the number of iterations between electromagnetic and thermal analysis. Once the current density is reached, assuming the outer diameter of the motor is held constant and the slot/pole combination is fixed, a maximum allowable inner diameter for the stator can be determined.
The HLM stator and rotor are constructed from a stack of 0.006 inch Hiperco-50 laminations, each lamination cut using a laser. An electrically isolating material, C5 [3] is used to between each lamination to reduce development of eddy currents in the stator and rotor. Each lamination is annealed after being cut to relieve the mechanical stress at the boundaries developed under the heat of the laser. When the stator and rotor are constructed, the laminations are bonded with EB-548 epoxy and a spot weld is used to provide further integrity to the structure.The maximum operating temperature of the bonding agent EB-548 is 140 • C per the manufacturers specifications. Although the temperature of the stator and/or rotor have the potential to reach higher temperatures, the maximum temperature plays a minimal role due to the additional weld and the fact that the stator will be dipped in epoxy (potted). For a plot of EB-548 performance versus temperature, please refer to Fig 21 in the appendix.
Common thicknesses for laminations are 0.014 inch and 0.006 inch, a study was done to determine losses between both thicknesses. Holding all other parameters constant, reducing the lamination thickness from 0.014 inches to 0.006 inches results in a substantial stator loss decrease from 286 W to 117.6 W respectively. Hysteresis and eddy current losses are calculated in Motor-CAD using a modified Steinmetz equation [4] , which can be seen in Equation 2 .
Where W f e is the iron losses (W/kg), K h is the hysteresis loss coefficient, α is an empirical constant, and K eddy is the eddy current loss coefficient. All variables listed above are defined by curve fitting core loss data from four loss curves at different frequencies for Hiperco-50, Motor-CAD automatically calculates these values during analyses. Finally, B is flux density (T), and f is the fundamental frequency (Hz). For the Hiperco-50 loss plots used to determine the iron losses using the modified Steinmetz equation, please see Fig 23 in the appendix.
B. Magnets
Several magnet options exist for this application, important characteristics to consider are the maximum operational temperature of the magnets, energy density, the remanence flux values, and cost. It was determined N48H magnets best fit this application with a maximum operating temperature of 120 • C. The maximum magnet temperature is highly sensitive to the design point of the motor, and is further complicated in this case due to no internal cooling. Other magnets considered for this application, and their properties [5] , are listed in Table 2 . Studies done in Motor-CAD show that torque from a conventional North South (N-S) array compared to a Halbach array can increase from 22.7 Nm to 24 Nm respectively. To reduce eddy current losses, the magnets were axially laminated, Fig 7 shows the effects of increasing the number of magnet laminations has on the losses. All studies done here are at the previously defined combined worst case scenario. Eight lamination segments results in approximately 15 W of losses, or 3.5% of the magnitude of total losses. Increasing to nine segments increases cost, complexity, and possibly lead time for a negligible 0.49% decrease in percent total losses when compared to eight segments.
C. Slot to Pole Fraction and Winding Factor
The nature of having a different number of slots and poles introduces a parameter referred to as the winding factor and requires concentrated windings. Concentrated windings introduce a fractional slot pitch, which decreases efficiency and torque when compared to a distributed winding layout. The optimal winding layout is determined by describing the back EMF and winding factor through a set of Fourier series which assumes the back EMF changes only with phase offset [6] . Table 3 shows combinations of slots and poles considered for this project along with the winding factor. The grayed out boxes in the table represent an invalid slot/pole combination.
Magnetic noise must be considered when determining the slot pole combination. Calculating the radial magnetic noise, or radial forces attracting the rotor and stator together, produced for a slot/pole combinations aids in the determination of valid slot/pole combinations. This design uses 24 slots and 20 poles with a winding factor of 93.3%. It is possible to achieve a higher winding factor for 21 slots and 20 poles, but the unbalanced magnetic pull angle is an unacceptable 154 degrees, creating an unbalanced force of 169 N. Whereas the 24 slot, 20 pole design results in a uniform 179 degree of unbalanced magnetic pull angle, resulting in a negligible 1.7 N. Libert and Soulard suggests avoiding any slot pole combinations giving winding layouts that are non symmetrical [7] causing uneven radial forces. Equations 3 shows number of slots to avoid, while Equation 4 shows the number of poles to avoid. 
Fig. 7 How magnet losses decrease as the number of magnet laminations increase. The magnitude of losses (triangle data points) correlates to the right axis and the percentage of magnet losses to total losses (circle data points) correlates to the left axis.
Where N s represents the number of slots and k is any positive integer.
Where N m is the number of magnetic poles. The effect of using a non-recommended slot/pole combination described by Equation 4 can be seen in the high unbalanced radial forces acting on the rotor.
D. Coils
It is advantageous to pack the maximum amount of copper inside each slot area. Once the optimal number of turns is found, increasing the number of strands-in-hand for the litz wire will decrease the current density, and have the same effect on the wire losses, ultimately decreasing mass. The relationship between the current density, copper losses, and mass here again highlight the tightly coupled nature of this design. The coil fill factor, which can be seen in Equation 5 , controls the amount of copper per slot area. The coil fill factor is a primary design consideration, and was held to approximately 60% for all design studies. Though 60% is an optimistic value for low voltage motors [8] , it is an achievable goal with proper planning and practice.
Where N is the number of turns, A cw is the cross sectional area of the covered wire, and A s is the cross sectional area of the slot. Care must be taken when using litz wire versus single wire for coil windings, Equation 5 must account for the multiple wires in hand. The choice of litz wire is an important design consideration that must be included in the analysis, as it effects the fill factor, achievable number of turns per coil, current density, and wire resistance losses.
The dielectric strength and insulation resistance is very important for safety reasons, a wire-stator short would be a catastrophic failure. According to IEEE 95-2002 [9] the motor insulation should be rated to at least twice the maximum operating voltage plus 1000 V, according to these guidelines, HLM insulation should be rated to at least 2,076 V DC . A 0.005 inch thick Nomex 410 layer is used as an insulator between the coils and the stator to prevent a voltage arc and/or leakage current from flowing to the stator. According to the Nomex 410 manufacturer, the dielectric strength of the 0.005 inch Nomex 410 is 715 V/mil or 3,575 V DC , much higher than the recommended voltage. For property materials of Nomex 410, reference Fig 22 in the appendix. The temperature of the wire insulation is an additional factor that must be considered. Each strand of litz wire is coated with a single layer of polyimide (MW16-C) insulation, having a maximum operating temperature of 240 • C [10] . If at any point the stator or the coils reach this temperature, the insulation of the wires will break down and cause wire-wire shorts. Primary coil design variables used to control the motor performance are listed in Table 4 . 
E. Electromagnetic Performance
Electromagnetic performance refers to the torque versus speed behavior, efficiency at the specified operating point, and component losses. Each topic discussed in this section is highly dependent on the losses, coupled with the mass, and thermal behavior. Component losses must be generated from the electromagnetic model assuming accurate temperatures up front which requires multiple iterations between electromagnetic and thermal analysis. The relationship between electromagnetic performance, and thermal behavior can be referenced in Fig 4. 
Component Losses
Component level loss estimates are required for accurate thermal analysis, which will be discussed in more detail later in the report. Choosing the combined worst case design point pushes the maximum current through the motor, which generates the maximum losses. The majority of losses originate from the coils and the stator, if this is not the case a re-design will be necessary due to the specific cooling method used here. It is important to note again that laminated magnets are used in a Halbach array, and both back-irons are 0.006 inch laminated Hiperco-50 electrical steel. The nature of obtaining losses is highly coupled with the thermal performance of the motor and requires multiple iterations between thermal analysis and electromagnetic loss calculations until the assumed electromagnetic temperatures converge with the thermal analysis temperatures. Table 5 shows the converged temperatures and the final magnitude of component losses.
Despite having a lamination thickness of 0.006 inches, the eddy currents still dominate the stator losses. Eddy currents for the stator are 74.4 W, while the hysteresis losses are only 43.4 W. 
Torque Versus Speed
The torque-speed curve is highly sensitive to the current, voltage, efficiency, and number of turns in the slot. The design point determines the current and voltage, and choosing to use the combined worst case design point ensures the torque will never fall below the required levels. The HLM is required to produce 24 Nm of torque from 2000 RPM to 5400 RPM. Figure 8 represents the torque-speed curve at the combined worst case scenario, with the supply voltage at 385 V DC and 50 A peak .
Fig. 8 Torque vs. speed curve for the HLM at the combined worst case scenario
The torque-speed curve can be seen in Fig 8, which accounts for all losses and temperatures listed in Table 5 . Temperature increases in the magnets causes the remanence flux to decrease from the nominal 1.39 T at 20 • C, to 1.273 T at 90 • C. Despite the temperature increase, the torque requirement continues to be met, and begins to drop off at approximately 6,100 RPM. The torque drop at high RPM is due to the voltage available to the motor. Figure 8 shows that the motor will still be able to perform should the battery voltage drop below the minimum voltage of 385 V DC .
Efficiency
The efficiency is plotted using a design point stated in the X-57 requirements document, 4400 RPM, 22 Nm of torque, at 460 V DC . Figure 9 plots the efficiency as the motor moves through the RPM and torque ranges. The efficiency requirement at this operating point is 93%, but from Fig 9 it can be seen the motor will operate well above that at 96.61%. This is assuming current is sampled from 5 A peak to 50 A peak , an additional 50 W of mechanical losses are assumed from the bearings. 
V. Thermal Analysis
Due to the tightly coupled nature of temperature and performance, component losses are required up front, and used in multiple thermal breakout models. Estimation of the heat transfer coefficients and near-wall conditions for the nacelle skin, and internal surface was completed using a series of CFD models. Convection heat transfer characterization was performed using ANSYS CFX, while detailed assembly heat transfer modeling was conducted using a coupled COMSOL model. A steady state thermal model was developed concurrently with the motor geometry and electromagnetic performance. Closing the HLM thermal design requires good characterization of the following: 1) Forced convection boundary conditions for the nacelle skin 2) Location and magnitude of significant volumetric heat fluxes (component electrical losses)
3) Effective heat transport properties of composite materials
A. Nacelle Skin Cooling and Internal Heat Transfer Characterization
A fully transient model was developed in ANSYS using an immersed rotor method to understand the interaction between the propeller and the near-wall air flow. Inlet boundary conditions simulate the static run-up conditions at 60 • C ambient temperature, corresponding to the combined worst case scenario. Figure 10 displays the model developed in ANSYS. The mesh size used to developed this model has a maximum size of 0.05 inches, and is solved using the universal Reynolds-averaged Navier-Stokes method. 
B. COMSOL Component Thermal Modeling
A high fidelity model of thermally participating solids within the HLM was assembled in COMSOL. Heat source terms, obtained from the component loss buildup, were applied to the stator irons windings, magnets, bearings, and rotor hub. Table 6 shows the thermal conductivity and materials used for this analysis. The thermal transport properties of the slot area is very sensitive to the copper fill factor. An area-weighted correlation was used to model the copper wire bundles [11] , which can be see in Equation 6 for the radial thermal conductivity, and in Equation 7 for the axial thermal conductivity.
Where K r adial is the homogenized radial thermal conductivity, K axial is the radial thermal conductivity, k c is the copper thermal conductivity, k e is the epoxy thermal conductivity, and Cu f is the copper fill factor. The end windings are then assumed to be homogenized, but anisotropic, requiring the coordinate system be continuous and correctly oriented for each segment.
Steady-state thermal power for each motor assembly component are applied as uniformly distributed heat fluxes across their respective bodies. Surface averaged heat transfer coefficients for each surface group were mapped from the CFX breakout model to their corresponding locations in the COMSOL assembly, assuming no thermal contact resistance. Based on this steady state thermal analysis, assuming no air flowing internally, at the combined worst case scenario, all temperatures remain below maximum allowable operational temperatures. Figure 11 displays the final losses from each component, the temperature output by the thermal analysis, and the maximum allowable temperature for each component. Now that the thermal behavior matches the initial steady state temperature design assumptions, this design is converged through the first four steps of Fig 4. iteration is then passed to the nacelle and support hardware step, and the rotordynamic design step simultaneously. The nacelle and support hardware step will be discussed in the next section.
VI. Hardware and Static Load Analysis
The nacelle hardware designed for the HLM consists of a heatsink and rotor hub, which was designed in parallel with the rotordynamic analysis. Analysis of the detailed support hardware such as the bearings, springs, fasteners, and bushings, all of which have also been designed and analyzed, are not included in this report. The hardware is required to support motor operation with regards to stress, thermal loading, and frequency management. Figure 12 depicts the nacelle and motor design, which includes the heatsink and some of the primary interior support structure, with the HLM installed. The heatsink in dark gray, and rotor hub in red are the only two parts of concern for this section.
The heatsink and rotor hub have gone through stress analysis assuming worst static loading cases for the X-57. The hardware has been analyzed for thermal considerations as well to ensure heat is properly distributed through the heatsink. The final geometry of the heatsink and additional hardware is passed to the rotordynamics analysis which will be discussed in the next section.
A. Static Stress Analysis
The heatsink and rotor hub were designed assuming the worst case load scenario. Table 13 shows all load cases, with the worst case highlighted in yellow. For the rotating rotor hub, 5,600 RPM and 24 Nm of torque was assumed about the axis of rotation due to the propeller reaction force. Body accelerations of 1.33 G span-wise and 3.4 G vertical accelerations are also taken into account. 414 N of thrust is applied in the axial direction while 119 N is applied in both the span-wise and vertical directions to account for asymmetric propeller effects seen at high angles of attack. To account for gyroscopic loads due to max sideslip and angle of attack, 29 Nm is applied about the span-wise direction, Fig. 12 Left: HLM assembly broken out with primary pieces displayed, of primary concern is the heatsink (dark gray), and the rotor hub (red). Right: HLM installed inside the heatsink.
while 44 Nm is applied about the vertical direction. For all loads previously described, excluding the inertial loads, the location of application is the propeller centroid.
After altering the thickness of the outer diameter of the heatsink, it was found the thickness was sensitive to heat distribution and dissipation. For this reason, thermal analysis required the geometry of the heatsink. This relation can be seen in Fig 4 as the hardware design is passed back into the thermal behavior step. Rotordynamics required the shape of the center shaft of the heatsink, the shape of which was largely driven by the frequency response. The rotor hub is largely driven by reducing mass and maintaining positive margin for the stress analysis. The heatsink and rotor hub are constructed from 2024-T3 aluminum, per AMS-QQ-A-200/3, with an ultimate tensile strength of 54,000 psi in the long transverse (LT) direction and an ultimate shear strength of 33,000 psi in the long (L) direction. Due to an applied thermal load factor of 1.2, the ultimate tensile and shear strength of the aluminum is reduced to 49,800 psi and 30,433 psi respectively, which corresponds to 110 • C and 92% of the original strength values.
ANSYS Workbench was used to perform the finite element analysis (FEA) to obtain stress contours for the HLM hardware components. The maximum and minimum principal stresses are analyzed and ultimate factors of safety are used to ensure the stresses stay in the linear elastic stress-strain regime. The final design for the heatsink resulted in a maximum principle stress of 14,960 psi, which yields a positive margin of safety of 0.29, a factor of safety of 2.25, and a fitting factor of 1.15. Figure 14 shows the FEA analysis, due to the nature of the cantilevered shaft, the peak stress locations are near the base of shaft where the struts meet the shaft. The heatsink has a relatively large margin of safety because this piece was vibration constrained, and required additional material near the base of the shaft.
The rotor hub was analyzed for maximum loading and torque because this part will be rotating with the rotor at a maximum speed of 5,460 RPM. The rotor hub will be mounted to the rotor and does not require centrifugal force analysis; the electrical steel of the rotor provides the necessary rigidity. Figure 15 shows the maximum stress of 18,802 psi, which translates into a positive margin of safety of 0.04 with the same factors of safety used in the heatsink analysis . Not discussed here are the finer details concerning the bearing selection and preloading, stator potting details, or the mechanical construction of the motor. While this was all complete, it was considered out of the scope for this report but will detailed in follow on reporting. Please refer to 
B. Air Gap Stack-up
If the rotor magnets should make contact with the inner diameter of the stator during operation, a catastrophic failure can occur. It is important to understand if the air gap between the magnets and the stator is sufficient at 1.0 mm. The air gap tolerance table should take into account all worst case hardware machining tolerances, at the worst case load displacement, and the worst case vibrational displacement from the rotor dynamics. This is done to ensure there will be no contact between the high-speed rotor and the stator inner diameter. Table 7 lists the air gap stack-up which shows there will be no contact between the rotor and stator, instead, an excess of 0.1088 mm of space will exist.
VII. Rotordynamic Performance
There are two basic rotordynamics requirements for the X-57 HLM. The first is that any rotordynamic resonance frequency needs to be at least twice the rotor speed of 5400 RPM, or 90 Hz. The second is that the motor needs to be able to handle a large unbalance at the propeller location. The requirement that rotordynamic resonance frequencies be at least twice the rotor speed means that there will be no critical speeds during operation; a critical speed is a rotor speed at which the rotor unbalance can excite a resonance mode. Thus any propeller unbalance should not result in large resonant displacements or bearing forces, since the response will be off-resonance.
Since the motor drives the propeller directly, it acts as a large mass at the end of the rotor shaft which results in an overhung rotor. This will drive down the frequency of the conical mode. In addition, it was decided to use a non-rotating inner stator shaft to also drive down the conical frequency since the stator will be more compliant. To keep the conical mode frequency above twice the rotor speed, the inner stator shaft and support structure were made as stiff as possible, with a larger bearing at the aft end of the shaft while keeping the mass as low as possible. Figure 16 shows the hardware designed to house the motor, and the motor installed within the hardware. A finite element analysis was performed on the motor/propeller/hardware structure. There is some coupling between the conical rotordynamic mode and the propeller blades. However, some information about the propeller blades was unknown, so they were modeled in two ways -as stiff blades, and then as more compliant blades, both with bonded connection to the hub. Figure 17 shows the conical mode frequency as a function of rotor speed, for the two different assumptions on the propeller blade properties and 18 shows the rotordynamic conical mode shape for the stiff propeller assumption. Figure 19 shows the results of all rotordynamic analysis completed for this structure. The worst case is the conical mode, as mentioned above, at a forward frequency of 183.4 Hz. This frequency still satisfies the requirement of being two times above HLM operational frequency of 90 Hz. Numbers in parenthesis represent a multiple of frequency separation, all of which satisfy the frequency requirements. The backwards whirl (BW) for each mode can be neglected here because the unbalanced mode does not excite this method. Therefore, the forward whirl (FW) is the only method for each mode to be fully analyzed. The unbalance response requirement is based on a propeller radial displacement of 0.005 inches at the operating speed of 5460 RPM. This results in maximum bearing loads of 7.4 lbs and 12.9 lbs for the smaller and larger bearings, respectively, well below the maximum allowable forces of the bearings. In addition, the radial displacement in the gap between the rotor and stator is less than 0.0025 inches, again much smaller than the gap. The propeller and rotor assembly should be balanced to a much smaller unbalance level, so it is unlikely that this large unbalance will occur in operation.
VIII. Conclusion and Future Work
The motor mass and power requirements proved to be difficult requirements to meet across the entire design spectrum. The mass requirement set forth by the X-57 project is 2.77 kg, and the HLM was able to meet and exceed this requirement by developing a motor with a mass of 2.34 kg. Table 8 lists the component weights for the HLM, and the supporting hardware. Note the total mass at the bottom of Table 8 references all materials summed up, the primary mass of concern is the total motor mass. The final HLM designed, satisfying all requirements and analysis can be seen in Fig 20, which is scheduled to be built and tested. All accompanying hardware has been designed and analyzed, and will be manufactured so that the HLM can be tested in an accurate setting to understand thermal and rotordynamic behavior while in operation. A bill of materials, seen in Table 9 , is included with this design but does not include the supporting hardware manufacturing or material costs. This paper provides an overview of the design process used to satisfy the X-57 flight requirements across several coupled disciplines. Different flight conditions are identified as the limiting design constraint for various aspects of motor performance. Low-level design codes were used for rapid preliminary design space exploration with final refinement performed using high-fidelity multiphysics finite-element analysis. Key active constraints are identified for each discipline and necessary convergence loops between electromagnetic, thermal, structural, and rotordynamics are identified. A final reference design is depicted meeting all vehicle requirements with a 16.8 % mass margin for the electric motor, a specific power of 5.64 kW/kg, and an efficiency of 96.6%. The intention of this work is to serve as an open reference baseline design for passively cooled aircraft electric motor performance and as a starting point for more detailed optimization. A series of offline and online tests will reveal the accuracy of work and analysis performed here, and is scheduled to occur once the motor is constructed. Offline tests are required to ensure proper safety concerning the dielectric strength and insulation is sufficient to support normal operating conditions. These tests include a winding electrical resistance test, a DC high potential test, a megohm and polarization index test, and 
Fig. 20 Drawing and measurements of primary geometries on the prototype motor

